We revisit the flare on 1992 January 13, which is now universally termed the "Masuda flare". Our work is motivated by the remarkable improvement of Yohkoh hard X-ray imaging, which was only achieved after the intensive investigations on this famous event. With the calibrated Hard X-ray Telescope (HXT) data, we find that the hard X-ray coronal source is indeed a loop-top source, located slightly above the soft X-ray loop but within the 10% brightness contour of the HXT L-band thermal loop, rather than distinctly above the loop top as in the original HXT images. This critical change relieves the three major difficulties of understanding the original Masuda flare, viz., (1) the lack of L-band emission at the coronal source location and consequently the extremely flat spectrum of the coronal source below ∼20 keV, (2) the lack of soft X-ray signature of hydrodynamic response at the presumed field lines that connected the hard X-ray coronal source to the chromosphere, and (3) the apparently low density at the location of the coronal source due to the lack of soft X-ray emission. Despite the generally accepted belief that the coronal emission in the Masuda flare was nonthermal, we find its spectrum can be explained either by thermal bremsstrahlung of a superhot plasma (80 MK), or by nonthermal bremsstrahlung at a thick-thin target, with the injecting electron index derived from the coronal emission approximately equal to that from the footpoints. We propose a simplified picture, featuring the field line shrinkage effect and the resultant increase of the loss-cone angle at the coronal trap, to qualitatively explain that as time progresses the hard X-ray coronal source diminishes in brightness relative to the footpoints, that its centroid position moves to higher altitudes, and that the footpoint spectrum is successively hardening, with the coronal spectrum softening simultaneously.
Introduction
As one of the most remarkable discoveries from the Yohkoh mission (Ogawara et al. 1991) , the flare occurring on 1992 January 13 (Masuda et al. 1994 , the "Masuda flare") revealed for the first time a bright hard X-ray source in the corona, simultaneously with conjugate footpoint sources, which helped shape the modern vision of solar flares. Most importantly, studies motivated by this single event have established a paradigm that particles are accelerated high in the corona and stream down to the chromosphere along a coronal magnetic loop (e.g., Masuda et al. 1994 Masuda et al. , 1995 Fletcher 1995; Wheatland & Melrose 1995; Aschwanden et al. 1996a; Tsuneta et al. 1997; Alexander & Metcalf 1997; Fletcher & Martens 1998; Petrosian & Donaghy 1999) . The Masuda flare, however, remains unique, as reviewed by , in that (a) the hard X-ray coronal source is located about 7000 km (∼ 10 ′′ ) above the apex of the soft X-ray thermal loop, which poses a fundamental question of how any appreciable amount of hard X-ray emission can be generated in such a low density region (∼ 10 9 cm −3 ); and that (b) the hard X-ray coronal source is surprisingly weak in the 14-23 keV range, and displays no significant soft X-ray emission. As a result, its spectrum is considerably flattened below ∼ 20 keV, even harder than that of the corresponding footpoint emission, which makes any thermal interpretation implausible (Alexander & Metcalf 1997) . These features contrast dramatically to the impulsive phase coronal sources reported later on (e.g., Petrosian et al. 2002; Battaglia & Benz 2007; Tomczak 2001; Krucker & Lin 2008) . The surveys on partially occulted flares (Tomczak 2001; Krucker & Lin 2008) , in which the footpoints are occulted by the limb but the thermal loop is visible, show that typical hard X-ray coronal emission during the flare impulsive phase is only slightly above (< 6 ′′ ) the thermal soft X-ray emission, with many filled-loop events even displaying co-spatial nonthermal emission, and that the power-law index is between 4 and 7, much softer than that of comparable on-disk flares.
On the other hand, the so called "above-the-loop-top" sources have been primarily, if not exclusively, found in a double coronal source morphology (Sui & Holman 2003; Sui et al. 2004; Pick et al. 2005; Veronig et al. 2006; Li & Gan 2007; Liu et al. 2008) . In that case, the lower coronal source is located at the thermal loop top, while the upper source is located as far as 30 ′′ above it, moving upward at a speed as high as 300 km s −1 (e.g., Sui & Holman 2003) . The two sources "mirror" each other with respect to a presumed X-point reconnection site, in that higher energy emission comes from lower altitudes for the upper source, while the lower source exhibits a reversed order (e.g., Sui & Holman 2003; Liu et al. 2008) . The spectra of the two sources have a similar power-law index (Liu et al. 2008) , suggesting that the injecting populations are intimately related, presumably accelerated at the X-point. This morphology is obviously different from that of the Masuda flare.
In a more recent effort to calibrate the HXT data, Sato et al. (1999) accurately estimated the instrumental response functions through self-calibration using solar flares as calibration sources, and improve the Maximum Entropy Method (MEM) image-synthesis algorithm. As a result, the HXT images of the Masuda flare, reconstructed with the new modulation patterns, display somewhat subtle but significant changes (see Section 2), as compared with the original publication (Masuda et al. 1994) . Therefore, the spectral characteristics of the coronal source, as reported in the recent investigations with the MEM algorithm (Masuda et al. 2000; Petrosian et al. 2002 , also see Section 3), also change substantially. However, a mindset toward the original Masuda flare has been developed, and these new developments are unfortunately left unaddressed or unnoticed in the solar community.
In this paper, we carefully re-analyze the Masuda flare with both MEM and Pixon (Metcalf et al. 1996; Alexander & Metcalf 1997) algorithms to explore its "uniqueness" in view of recent developments. In Section 2, we check the changes of the hard X-ray source locations, as compared to the original data. In Section 3, we review the historical investigations and interpretations ( §3.1), and then carry out an imaging spectroscopic analysis with a more robust method to "extract" the hard X-ray source of interest ( §3.2). In Section 4, we discuss the significance of the geometrical changes ( §4.1), interpret the spectral results in both the thermal ( §4.2) and non-thermal ( §4.3) viewpoints, and a simplified picture is proposed to explain the morphological, as well as spectral, evolution of the coronal source ( §4.3). Concluding remarks are given in §4.4. Figure 1 shows the GOES soft X-ray fluxes (the top panel) and the HXT hard X-ray count rates (the bottom panel). The hard X-ray emission occurs in the impulsive phase and consists of a single peak that lasts for about 2 min. the MEM (Pixon) algorithm. The MEM images are almost the same as those in Figure 1 of Masuda et al. (2000) .
Geometry
A significant change stands out immediately in Figure 2 that the hard X-ray coronal source is located only slightly higher than the soft X-ray loop top, but still within the L-band loop defined by the 10% contour of the maximum brightness † . In contrast, in the original images (e.g., Figure 3 in Masuda et al. 1995, or Figure 3 in Aschwanden et al. 1996a ), the hard X-ray coronal source was spatially distinct not only from the soft X-ray loop, but from the L-band loop as well. As we shall see in the next section, this makes a critical difference in the spectral characteristics of the coronal source.
Further comparisons are made quantitatively. In a similar approach taken by Aschwanden et al. (1996a) , we measure the centroid position ‡ of the loop-top source in different energy bands, and compute its height in each energy band with respect to the conjugate footpoints in the M1-band. The results are listed in Table 1 . The measurements made by Aschwanden et al. (1996a) are also listed in bold face. One obvious difference is the smaller separation of the hard X-ray coronal source from the soft X-ray thermal loop. For the M1-band, the separation (5200 km in Pixon and 5700 km in MEM) is almost half of that measured by Aschwanden et al. (1996a, 9600 km) . The M1-band coronal source is also less separated from the L-band loop top, which is almost co-spatial with the SXT loop top, especially in Pixon images, as compared with a 2300 km separation given by Aschwanden et al. (1996a) . This should be accredited to the improvement of the HXT imaging, which results in closer resemblance of the HXT L-band loop to the corresponding SXT Be-filter loop (Sato et al. 1999) . This makes sense since L-band partially overlaps with Be-filter in sensitivity for thermal plasmas exceeding 20 MK. The L-band loop defined by the 10% contour level, however, is larger than the soft X-ray loop (Figure 2 ), following a frequently observed pattern that cooler flare loops are nested below hotter ones (e.g., Moore et al. 1980 ).
Spectroscopy

Historical Investigations and Interpretations
Limited spectral information from HXT images can be derived by calculating flux ratios between adjacent energy bands. We denote the photon spectral index derived from the Land M1-bands as γ 1 , and that from the M1-and M2-bands as γ 2 , with the superscripts, CS and FP, standing for the coronal source and the footpoints, respectively. Corresponding electron indices are denoted by δ in a usual fashion. From Table 2 , one can see that the spectral characteristics of the footpoint emission basically remain unchanged despite the calibration (Sato et al. 1999) . The change of the coronal spectrum, however, is drastic from the pre-to post-calibration era.
In the pre-calibration era, the verdict for the Masuda flare is that the coronal emission was nonthermal (e.g., Alexander & Metcalf 1997) . The thermal interpretation (e.g., Masuda et al. 1994 ) was largely rejected due to the following three major arguments: (a) the thermal bremsstrahlung requires an extremely hot plasma (T > 100 MK), for which there was no evidence from soft X-ray observations; (b) the temperature derived from the HXT lower channels is much higher (¿200 MK) than that from the higher channels (125±15 MK); and (c) the time variability of the coronal source was too rapid (similar to that of the footpoints) to be consistent with thermal cooling times (Hudson & Ryan 1995) . We will check these arguments against the calibrated data in §4.2.
On the other hand, it is very difficult to understand the extremely hard spectrum of the coronal source, which had a power-law index γ CS 1 ≈ 2 from the L-and M1-band ratio. Such a flat spectral index is close to the hardest theoretically possible bremsstrahlung spectrum. Nevertheless, putting in the perspective of the thick-thin target model (Wheatland & Melrose 1995) , which argues that a coronal source acts as a thick target (δ CS = γ CS 1 + 1) for electrons at lower energies and thin target (δ CS = γ CS 2 − 1) for higher energies, one can derive that the spectral index of the injecting electrons for the coronal source, δ CS ≈ 3, while that for the footpoint emission, δ FP ≈ 4.5. Note, however, that the thick-thin target model assumes that the same electron population is responsible for both the coronal and the footpoint emission. A promising explanation is electron trapping in the corona, with energy losses dominated by collisions (Alexander & Metcalf 1997) . Since the collisional deflection time of an electron of energy E,
where n e is the electron density and ln Λ the Coulomb logarithm (∼ 20 under solar conditions), the longer life time of more energetic electrons would result in the erosion of the Note. -The 3rd column indicates the distance of the centroid position of the enhanced soft X-ray loop top to the midpoint of the centroid positions of the M1-band conjugate footpoints. Similarly, columns 4-6 show the "heights" of the loop-top source in the L-, M1-, and M2-band, with respect to the M1-band footpoints, respectively. The 7th column indicates the separation of conjugate footpoints in the M1-band. The approach taken here is similar to Aschwanden et al. (1996a) . Masuda et al. (1994 Masuda et al. ( , 1995 2 From Alexander & Metcalf (1997) and Metcalf & Alexander (1999) 3 From Masuda et al. (2000) 4 From Petrosian et al. (2002) , who specified only a time instant, 17:28:04 UT, but not the time interval for data accumulation. Note also that γ F P is derived for each individual footpoint. low-energy regime of the velocity distribution function, therefore the progressive spectral hardening, on timescales in the order of 10-100 s for a coronal density of order 10 9 cm −3 .
The coronal trapping of energetic electrons predicts that the injecting spectrum for the coronal source is hardening for 1.5 powers relative to the corresponding footpoint emission in the weak diffusion limit (see §4.3). Coronal trapping also leads to the progressive delay of hard X-ray peaks with increasing energy, due to collisional precipitation of the trapped electrons (e.g., Aschwanden et al. 1996b ). Based on time-of-flight measurements, Aschwanden et al. (1996b) found 5 hard X-ray coronal sources that can be explained by a coronal trap in the weak diffusion limit. The same 5 events were also studied by Metcalf & Alexander (1999) , who were looking for the spectral evidence of trapping. Two of them, including the Masuda flare, were found to be consistent with impulsive phase coronal trapping in the thick-thin target scenario.
In the post-calibration era (Masuda et al. 2000; Petrosian et al. 2002) , however, the spectrum of the loop-top source in the Masuda flare looks rather soft, with its spectral index falling in the typical range (4-7; Krucker & Lin 2008) . Using the MEM algorithm, Masuda et al. (2000) reported that the loop-top spectrum can be well fit by emission from an isothermal plasma of about 100 MK. In §3.2, we present a careful analysis of the Masuda flare with both MEM and Pixon algorithms, and in Section 4, discuss the implications of the changes introduced by the calibration.
Re-Analysis
We use a region growing method (see the REGION GROW function in IDL, version 5.5 and above) to specify the integration region for each individual hard X-ray source in our imaging spectroscopic analysis. Specifically, a box region is chosen to enclose the hard X-ray source of interest. Then a new region is allowed to grow from the brightest pixel in the box to include all connected neighboring pixels whose values are above a given minimum (see the captions of Figures 3-7) . In this way, we include as few background pixels as possible in integration, which is especially meaningful for MEM images, and for higher energy bands as well. Moreover, the process can be repeated to yield the same integration region as long as the same threshold range is specified. Hence the results, which are listed in Tables 3 and 4 , can be easily verified.
In Table 3 , the integration regions cover significant emission from both the M1-and M2-band (see Figures 3, 4 and 5) . In Table 4 , the integration only covers the regions with significant M2-band emission (see Figures 6 and 7) . Table 4 does not include the decay phase, Table 3 . Spectra Characteristics of the Masuda flare with the Integration Regions Covering both the M1-and M2-band Emission 1 Integration regions are specified in Figure 3 .
2 Integration regions are specified in Figure 4 .
3 Integration regions are specified in Figure 5 . * Spectral indices derived from single power law fits of the corresponding Yohkoh Wide Band Spectrometer (WBS) spectra. 1 Integration regions are specified in Figure 6 .
2 Integration regions are specified in Figure 7 . during which there is no visible M2-band coronal emission. From both tables, one can see that the photon spectra of the footpoint emission are hardening throughout the hard X-ray burst. In contrast, the spectra of the coronal emission are successively softening, which we will discuss in §4.3.
Discussion and Conclusion
Impact of the Geometrical Change
As we have seen in Section 2, the new HXT images put the coronal source at the loop top, rather than above the loop top as emphasized by some authors, which, in large measure, relieves the three major difficulties of understanding the original Masuda flare, viz., 1. The lack of L-band emission at the coronal source and consequently the extremely flat spectrum of the coronal source below ∼20 keV (Masuda et al. 1994; Alexander & Metcalf 1997) .
2. The lack of soft X-ray signature of hydrodynamic response at the presumed field lines that connected the hard X-ray coronal source to the chromosphere (Alexander & Metcalf 1997) .
3. The apparently low density at the location of the coronal source due to the lack of observed SXT emission.
The third point deserves some further comments. The column depth required to stop electrons with energies as large as E = 20 keV is N ≃ 10 20 cm −2 , which can be estimated from the formula (e.g., Wheatland & Melrose 1995)
where K = 2πe 4 ln Λ, with e the electron charge. Given a source length of l ≃ 10 9 cm, the density at the coronal trap is as large as 10 11 cm −3 . This agrees approximately with Aschwanden et al. (1997) who found the electron density in the flare trap of the Masuda flare, n e ≃ (0.21 ± 0.04) × 10 11 cm −3 , by fitting the hard X-ray energy-dependent time delays with the electron collisional deflection time. The trap density is lower than the peak density in the soft X-ray loop top, (0.96 ± 0.20) × 10 11 cm −3 (Aschwanden et al. 1997) , but an order of magnitude larger than the density at the original coronal source location (3 × 10 9 cm −3 ; Tsuneta et al. 1997) , inferred with SXT data . This indicates that the trap is located slightly above the enhanced soft X-ray loop top, in consistent with the coronal source location in the calibrated HXT images, but definitely lower in altitude than that in the original data. Most importantly, the requirement for the confinement of nonthermal electrons at the loop-top region is now much less stringent than that required by the original data. For example, a 20 keV electron needs to bounce only 5 times within the loop-top region for the thick target hypothesis to be effective, in contrast to more than 30 times of bounce required by the original data, given the column depth, N = n e l ≃ 3 × 10 18 cm −2 , estimated by Tsuneta et al. (1997) . Thus, the thick-thin target model proposed by Wheatland & Melrose (1995) is more appealing than ever, with the break energy of the coronal spectrum at about 20 keV. But before testing the calibrated data against this model ( §4.3), we first re-exmine the thermal interpretation ( §4.2).
Thermal Interpretation Reinstated
From Table 3 , one can see that a consistent temperature can be derived from two different HXT channel ratios (namely, from L-and M1-band, and from M1-and M2-band, respectively), in contrast to previous publications (Masuda et al. 1994; Alexander & Metcalf 1997) . In Table 4 , temperatures derived from the lower HXT channel ratio are indeed higher than those from the higher channel ratio during the fast rise phase, probably suggesting a nonthermal nature, despite that the two temperatures still fall within the same error range.
We now check another major argument against the thermal interpretation, viz., the time variability of the coronal source is much shorter than the electron thermalization time for Coulomb collisions (Hudson & Ryan 1995) ,
With n e ≃ 3×10 8 cm −3 (assuming a unity filling factor) and T ≃ 200 MK from Masuda et al. (1994) , τ ee ≃ 60 s. This number has been commonly cited in the literature, out of the context of specific plasma parameters. With n e ≃ 3 × 10 9 cm −3 estimated by Tsuneta et al. (1997) and T ≃ 80 MK from our analysis, however, τ ee is about 1.4 s. Since the coronal source is now located at the L-band thermal loop top rather than above it, the trap density, n e ≃ 0.2×10 11 cm −3 inferred by Aschwanden et al. (1997) , may be more relevant (see §2 and §4.1), which leads to τ ee of only 0.2 s. Thus, the thermal interpretation cannot be excluded, based on the spectral information available in HXT data. Such an extremely hot coronal source (∼80 MK), however, is rarely observed. As a comparison, the superhot source identified in the pioneering balloon-borne observation (Lin et al. 1981 ) is in the 30-35 MK temperature range at the peak of the flare impulsive phase.
Thick-Thin Target and Trapping
Following the thick-thin target model (Wheatland & Melrose 1995) , we assume that the coronal source acts as a thick target for less energetic electrons (δ CS 1 = γ CS 1 + 1), and a thin target for more energetic electrons (δ CS 2 = γ CS 2 − 1). With low-energy electrons stopped in the loop-top region, the footpoint emission is not supposed to follow power laws at low energies, but a thick target is assumed at high energies as usual (δ FP = γ FP 2 +1). The derived electron indices are given in Table 5 , in which we only use the photon indices obtained via Pixon reconstructions. One should trust δ CS 2 more than δ CS 1 , since the latter is inevitably contaminated by thermal emission, especially for the integration regions that cover both the M1-and M2-band emission. The thick-thin target model agrees well with the observation during the fast rise phase of the hard X-ray burst, when δ Table 5 ). During the slow rise phase, however, δ CS 2 is significantly smaller than δ FP .
These spectral characteristics seem to put the coronal trap in the weak pitch angle diffusion regime, in which the loss cone is empty, while the opposite case, that the loss cone is filled with scattered particles, is defined as the strong diffusion. Specifically, in a trap-and-precipitation scenario, the precipitation rate, ν, can be evaluated as,
where θ 0 is the loss-cone angle. If the data accumulation time is significantly longer than the trapping time (1/ν), which is often the case, the observed injecting electron spectrum for the coronal source in relation to that for the corresponding footpoint emission would satisfy the following inequality (c.f., the Appendix in Metcalf & Alexander 1999) ,
with the lower (higher) bound corresponding to the weak (strong) diffusion limit. The decrease in the additional hardening of δ CS relative to δ FP with time, as indicated in Table 5 , may suggest an enhanced scattering rate. Alternatively, this can be attributed to an interesting effect in the standard flare model, namely, field line shrinkage (e.g., Forbes & Acton 1996) . The cartoon in Figure 8 shows that the magnetic field strength at the soft X-ray loop top would increase with time, as the newly reconnected, cusp-shaped field lines "shrink" and relax into a more potential state, piling up above the soft X-ray loop. As we know, the loss-cone angle, θ 0 , is defined through the formula, sin 2 θ 0 = B/B 0 , where B 0 and B are the magnetic field strength at the footpoint and at the coronal trap, respectively. The increase of the magnetic field strength at the coronal trap would result in the enlargement of the loss cone, and therefore the enhancement of the precipitation rate.
Due to the depletion of energetic electrons, the hard X-ray coronal emission is expected to become weaker relative to the footpoints, and its centroid location to move to a slightly higher altitude, as electrons trapped at lower magnetic loops (with larger loss-cone angles) are depleted from the coronal trap first, which results in the displacement between the hard X-ray and the soft X-ray loop-top source. With the enhanced precipitation rate, low-energy electrons are still stopped at the thick-thin target, but more high-energy electrons precipitate towards the chromosphere. Thus, the footpoint spectrum is successively hardening, while the coronal spectrum successive softening. All these effects are observed in the Masuda flare. Note that the original thick-thin target model (Wheatland & Melrose 1995) , as well as numerical simulations of the coronal trap (e.g., Fletcher & Martens 1998) , neglected the increase of the loop-top field strength with time, and hence predicted the spatially coincidence of the loop-top source in different energies.
Conclusion
In conclusion, the coronal source in the Masuda flare is located at the top of the thermal loop defined by soft X-rays and the HXT L-band emission, rather than above it. Its spectrum can be explained either by thermal bremsstrahlung of a superhot plasma (80 MK) or by nonthermal bremsstrahlung at a thick-thin target. The field line shrinkage and the consequent increase of the loss-cone angle with time at the coronal trap can qualitatively explain three evolutional features of the hard X-ray coronal source, viz., (a) the coronal emission diminishes in brightness relative to the footpoints ( Figure 2) ; (b) its centroid position moves to higher altitudes (Table 1) ; and (c) its spectrum is successively softening, while the footpoint spectrum successively hardening (Tables 3-5). R. L. thanks J. Lee for helpful discussion, and Y. Yuan for help in programming technique. This work was supported by NASA grant NNX08-AJ23G and NNX08-AQ90G, and by NSF grant ATM-0849453.
